Gap junction coupling synchronizes activity among neurons in adult neural circuits, but its role in coordinating activity during development is less known. The developing retina exhibits retinal waves-spontaneous depolarizations that propagate among retinal interneurons and drive retinal ganglion cells (RGCs) to fire correlated bursts of action potentials. During development, two connexin isoforms, connexin36 (Cx36) and Cx45, are expressed in bipolar cells and RGCs, and therefore provide a potential substrate for coordinating network activity. To determine whether gap junctions contribute to retinal waves, we compared spontaneous activity patterns using calcium imaging, whole-cell recording, and multielectrode array recording in control, single-knock-out (ko) mice lacking Cx45 and double-knock-out (dko) mice lacking both isoforms. Wave frequency, propagation speed, and bias in propagation direction were similar in control, Cx36ko, Cx45ko, and Cx36/45dko retinas. However, the spontaneous firing rate of individual retinal ganglion cells was elevated in Cx45ko retinas, similar to Cx36ko retinas (Hansen et al., 2005; Torborg and Feller, 2005), a phenotype that was more pronounced in Cx36/45dko retinas. As a result, spatial correlations, as assayed by nearest-neighbor correlation and functional connectivity maps, were significantly altered. In addition, Cx36/45dko mice had reduced eye-specific segregation of retinogeniculate afferents. Together, these findings suggest that although Cx36 and Cx45 do not play a role in gross spatial and temporal propagation properties of retinal waves, they strongly modulate the firing pattern of individual RGCs, ensuring strongly correlated firing between nearby RGCs and normal patterning of retinogeniculate projections.
Introduction
Gap junction coupling is found throughout the developing nervous system, where it has been postulated to play a number of roles (Cook and Becker, 2009 ) including regulation of spontaneous firing patterns (Roerig and Feller, 2000; Personius et al., 2007) . Here, we explore the role of gap junction coupling in retinal waves, the spontaneous propagating activity generated in the retina before the maturation of vision. Pharmacological blockade of gap junctions produces different effects on waves depending on the species, age, and particular antagonist used (for review, see Blankenship and Feller, 2010) , and therefore, the role of gap junction coupling in mediating retinal waves remains unresolved.
The role of gap junction coupling in the propagation of retinal waves during the second postnatal week is of particular interest. During this time, waves are mediated by glutamate release from bipolar cells (BCs) (Blankenship and Feller, 2010) . However, bipolar cells have narrow axonal arborizations and are not known to form synapses with one another, so it remains a mystery how retinal waves propagate laterally among them. Gap junctions present a potential source of coupling among neighboring retinal neurons.
Since pharmacological blockers of gap junctions have several nonspecific effects, knock-out mice lacking specific connexins have proven to be a powerful tool for elucidating the role of gap junction coupling in circuit function (Connors and Long, 2004) . Bipolar cells express connexin isoforms that could couple bipolar cells directly (Arai et al., 2010) or indirectly via interneurons (for review, see Söhl et al., 2005; Bloomfield and Völgyi, 2009 ). In the mouse retina, bipolar cells express two different connexin proteins, connexin45 (Cx45) and Cx36, which form homologous and heterologous gap junctions with interneurons Söhl et al., 2000; Feigenspan et al., 2001 Feigenspan et al., , 2004 Han and Massey, 2005; Lin et al., 2005; Maxeiner et al., 2005; Dedek et al., 2006; Pan et al., 2010) . In addition, Cx36 and Cx45 are required for gap junction coupling in multiple but not all retinal ganglion cell (RGC) subtypes (Schubert et al., 2005a; Völgyi et al., 2005; Dedek et al., 2006; Bloomfield and Völgyi, 2009; Müller et al., 2010; Pan et al., 2010) . Both Cx36 (Belluardo et al., 2000; Hansen et al., 2005; and Cx45 (Kihara et al., 2006) are expressed during development and are therefore in a position to influence spontaneous firing patterns. Previously, it was found that in contrast to WT mice, in which RGCs fire correlated bursts of spikes separated by silence (Meister et al., 1991; Wong et al., 1993; McLaughlin et al., 2003) , Cx36ko (Cx36 knock-out) mice Deans et al., 2002) exhibit an increase in the number of tonically firing RGCs . The role of Cx45 in retinal waves is unknown.
Here, we used knock-out mice lacking Cx45 or both Cx36 and Cx45 to determine whether these connexins are required to coordinate the depolarization of RGCs during waves. Specifically, we used multielectrode array (MEA) recordings to characterize firing patterns of individual RGCs, calcium imaging to characterize propagation properties of waves, and whole-cell recording to compare the synaptic circuits that mediate spontaneous activity.
Materials and Methods
Animals. All procedures were approved by the Institutional Animal Care and Use Committees at the University of California, Berkeley and the University of California, San Diego. Because germline deletion of Cx45 is embryonic lethal (Krüger et al., 2000; Kumai et al., 2000) , we used a mouse line in which the endogenous Cx45 gene has been replaced by a loxP site-flanked Cx45 coding sequence followed downstream by an EGFP coding sequence (Cx45fl; Maxeiner et al., 2005) . Cre-mediated recombination of this allele generates the Cx45del allele in which EGFP is expressed under control of regulatory elements of the Cx45 promoter. To prevent embryonic lethality, Cx45 fl/fl mice were crossed with mice expressing Cre recombinase under control of the neuron-directed Nestin promoter (Nestin-cre mice) (Tronche et al., 1999) , yielding Cx45 fl/fl : Nestin-cre mice, which we will refer to as Cx45ko. [Note, this mouse was previously referred to as "Cx45del" to distinguish this targeted knock-out from the constitutive knock-out (Krüger et al., 2000) .] Thus, Cx45ko mice lack Cx45 protein wherever the Nestin promoter has been active. Cx36ko mice were a generous gift from David Paul (Harvard Medical School, Boston, MA). In these mice, the Cx36 coding sequence is replaced by a LacZ-IRES-PLAP reporter cassette , generating the "Cx36Ϫ" allele.
Mice lacking both Cx36 and Cx45 were generated by breeding Cx45 Mice of either sex between postnatal day 1 (P1) and P13 were deeply anesthetized with isoflurane and decapitated. Eyes were removed, and retinas isolated in artificial CSF (ACSF) (containing, in mM: 119.0 NaCl, 26.2 NaHCO 3 , 11 glucose, 2.5 KCl, 1.0 K 2 HPO 4 , 2.5 CaCl 2 , 1.3 MgCl 2 ). For calcium imaging and whole-cell recording, retinas were mounted RGC layer up on filter paper (Millipore).
Immunofluorescence. Frozen sections of retinas were prepared as described previously . Briefly, retinas were immersion fixed at 4°C in 4% paraformaldehyde overnight, cryoprotected in 30% sucrose at 4°C, frozen in OCT compound in a cryomold biopsy chamber (27181; Ted Pella, Inc), and cut into 16 m sections with a cryostat. Next, sections were washed in 0.01 M PBS, blocked for nonspecific binding [blocking solution: 1% bovine serum albumin (BSA) in 0.01 M PBS] for 30 min at room temperature, and incubated overnight at room temperature with primary antibody (in 1% BSA, 0.3% Triton X-100, 0.03% sodium azide in 0.01 M PBS solution).
The primary antibodies used were goat anti-choline acetyltransferase (ChAT) (1:200, Millipore, AB144P) and rabbit anti-GFP (1:500, Invitrogen, A-11122). We detected ␤-gal as described previously . Sections were incubated for 2 h at room temperature in secondary antibodies including Alexa Fluor 568-conjugated donkey anti-goat 1:200 (Invitrogen, A-11057) and Alexa Fluor 488-conjugated donkey antirabbit 1:500 (Invitrogen, A21206).
Images were acquired using a Zeiss microscope (Axioskop) using a CCD camera (Optronics). Two-color images were acquired using a confocal microscope (Zeiss 510 META NLO AxioImager Confocal). Digital images were processed in Adobe Photoshop (Adobe Systems) to enhance color and contrast.
Multielectrode recordings and analysis. The retina was placed ganglion cell side down onto a 60-electrode array (Multichannel Systems). The electrodes are each 10 m in diameter, arranged in an 8 ϫ 8 grid (minus four corners) with 100 m interelectrode spacing. The retina was held in place on the array with a weighted piece of dialysis membrane and superfused continuously with oxygenated ACSF (ϳ3 ml/min, pH 7.4, gassed with 95% O 2 and 5% CO 2 ) maintained at 32°C.
The voltage trace on each electrode was sampled at 20 kHz and stored for offline analysis. The traces were then bandpass filtered between 120 and 2000 Hz. Spikes that crossed a threshold of four times the root mean square of the noise were sorted according to the first two principal components of their voltage waveforms. A t-distribution-based ExpectationMaximization algorithm was then used to sort spike clusters into individual units. To verify that each unit identified by this algorithm corresponded to a single cell, units were inspected manually. Furthermore, those that lacked a refractory period in their autocorrelation function were considered contaminated by other neurons and excluded from the analysis.
The mean spike rate, r, was calculated by dividing the total number of spikes for each unit by the recording duration, and units whose mean spike rate was Ͻ 1 ⁄10 of the mean firing rate of all cells were excluded from further analysis to reduce influence from low-spiking cells, which were generally the result of poor contact with the array. This constituted Ͻ10% of the units identified per retina. After this cut, 55-90 units were identified per retina.
Bursts were then identified for each neuron using a modified Poisson Surprise method. In this method, spike trains of a minimum of three spikes whose interspike interval (ISI) was less than half of the mean ISI of that unit were identified. The probability that such a spike train would occur given a Poisson spike distribution was then calculated from the following:
where t is the duration of the spike train (time between the first and last spike under investigation), C is the number of spikes in the burst, and r is the unit's mean spike rate. The spike train was accepted as a burst when its probability of occurrence was P c Ͻ 10 Ϫ4 . Upon identification of bursts, the interburst interval (time between end of one burst and start of the next), burst duration (t), firing rate (C/t), and the percentage of time firing (sum of t for all bursts/total length of recording) were computed and averaged for each unit. The start of a wave was identified when 8% or more of identified cells were bursting simultaneously, and the end of the wave was identified when 2.5% of cells were still bursting.
The correlation index was calculated for all cell pairs in each retina using a method described previously (Wong et al., 1993; . The correlation index (CI) is a measure of the likelihood relative to chance that a pair of neurons fire together within a given time window, ⌬t ϭ 0.1 s. It is calculated from the following:
where N AB is the number of spike pairs for which cell B fires within a time Ϯ⌬t from cell A, N A and N B are the total number of spikes fired by cells A and B, respectively, during the entire recording, T is total time of recording, and ⌬t is the correlation time window. The distance between cells was approximated to be the distance between the electrodes on which the cells' activity was recorded. The cell pairs were grouped according to their intercellular distance, and the median and quartile correlation indices were computed over all cell pairs in a given distance group, for each age and genotype. The median correlation index was then plotted as a function of increasing intercellular distance. We determined functional connectivity maps between spontaneously firing units. Here, we used functional connectivity as a quantitative measure to characterize the spatial organization of pairs of RGCs that have a high correlation index. First, we computed the correlation index between all pairs of units (see Fig. 2 D) . We designated a pair "connected" if its correlation index was in the top 5% of all correlation indices in its retina. Any units that were not connected to at least one other unit were not further analyzed. Each correlation matrix was then binarized into an adjacency matrix (data not shown), in which each pair is identified as either connected or not connected. Using the adjacency matrix, we determined the connectivity value for each unit, i.e., how many connections each unit made divided by the total number of possible connections for that unit. The distribution of connectivity values obeyed a power-law, indicating that the most highly connected units (which are located in the tail of the distribution) are most informative (Clauset et al., 2009 ). We designated units that were connected to Ͼ15% of all of the units in the adjacency matrix as "highly connected" (see Fig. 2 E, red units). We then mapped these units back onto the electrodes from which they were recorded and computed the distances between these highly connected units and the units to which they were connected (see Fig. 2 E, blue lines).
Calcium imaging. Retinas were loaded with Oregon Green 488 BAPTA-1 AM using the multicell bolus loading technique (Stosiek et al., 2003; Blankenship et al., 2009) . Images were captured with cooled CCD cameras: either a Hamamatsu OrcaER or a QImaging QiCam. Imaging was performed using a 10ϫ objective lens, yielding imaging fields with dimensions of 800 ϫ 640 m (OrcaER) or 644.5 ϫ 481.5 m (QiCam). Movies were recorded either in MetaMorph (Molecular Devices) or in Manager (Edelstein et al., 2010) . Inter-wave interval and propagation speed were measured using MATLAB routines (MathWorks), as described previously (Blankenship et al., 2009) . In some retinas, the signalto-noise ratio was too low for automated analysis of waves. We verified by eye that waves were correctly identified for all retinas used to calculate inter-wave interval and wave propagation speed.
Wave direction was determined by measuring the nearest points of the binarized wavefronts across subsequent frames, which generates a vector in each image frame (Blankenship et al., 2009; Elstrott and Feller, 2010) . A "bias index" was computed for each retina. The bias index is the vector sum of the individual wavefront vectors normalized by the total magnitude of the summed vectors. Hence, a vector sum of 0 would be the equivalent to waves propagating in all directions equally, while a value of 1 would be equivalent to all waves traveling in the same direction.
Whole-cell physiology. Retinas were visualized on an upright microscope (Zeiss Axioskop 2 FS Plus or Olympus BX51WI) and were continually superfused with ACSF (32-34°C). RGCs were exposed by using a glass pipette to remove the inner limiting membrane over a small region of the retina. Recording pipettes (3-6 M⍀) were filled with internal solution containing either cesium gluconate (containing, in mM: 75 gluconic acid, 149.9 CsOH, 10 EGTA, 20 HEPES, 1 QX-314, 2 ATP-Mg, 0.3 GTP-Na, pH adjusted to 7.25 with CsOH) or potassium gluconate (containing, in mM: 128 K-gluconate, 10 HEPES, 12 KCl, 5 EGTA, 1 MgCl 2 , 0.5 CaCl 2 , 2 Na 2 ATP, and 0.5 Na-GTP, pH adjusted to 7.25 with KOH or, alternatively, 98.3 K-gluconate, 40 HEPES, 1.7 KCl, 0.6 EGTA, 5 MgCl 2 , 2 Na 2 ATP, and 0.3 Na-GTP, pH adjusted to 7.25 with KOH). 6,7-Dinitroquinoxaline-2,3-dione disodium salt (DNQX), D-(Ϫ)-2-amino-5-phosphonopentanoic acid (AP5), and dihydro-␤-erythroidine (DH␤E) were acquired from Tocris Bioscience; all other chemicals were acquired from Sigma or Fisher.
Wave-associated event frequency was determined by current-clamp and voltage-clamp recordings as previously described (Blankenship et al., 2009) .
Intraocular injections and image analysis of retinogeniculate projections. Animals were anesthetized with 3.5% isoflurane/2% O 2 . The eyelid was then opened with fine forceps to expose the eye, and 0.1-1 l of Alexa 488-or Alexa 594-conjugated ␤-cholera toxin was injected using a fine glass micropipette with a Picospritzer (World Precision Instruments) generating 20 psi, 3-ms-long positive pressure. The cholera toxin was then allowed to transport for 24 h, which was sufficient time for clear labeling of axons and terminals. Brains were removed, immersion fixed in 4% paraformaldehyde (24 h), cryoprotected in 30% sucrose (18 h), and sectioned coronally (100 m) on a freezing microtome.
Images were analyzed as described previously (Torborg and Feller, 2004) . Briefly, eight-bit tagged image file format images were acquired for Alexa Fluor 488-or 594-labeled sections of the lateral geniculate nucleus (LGN) with a CCD camera (Optronics) attached to an upright microscope (Zeiss Axioscope 2) with a 10ϫ objective (numerical aperture, 0.45). The three sections that contained the largest ipsilateral projection, corresponding to the central third of the LGN, were selected, and all analysis was performed on these sections using the side of the brain that was ipsilateral to the Alexa Fluor 594 injection, since the Cx45ko mice had a low level of background fluorescence because of GFP in the blood vessels in the dorsal LGN (dLGN). For each pixel, we computed the logarithm of the intensity ratio, r ϭ log 10 (F I /F C ), where F I is the ispilateral channel fluorescence intensity and F C is the contralateral channel fluorescence intensity. We then calculated the variance of the distribution of R values for each section, which was used to compare the width of the distributions across animals. A higher variance is indicative of a wider distribution of R values, which is in turn indicative of more contra-and ipsi-dominant pixels, and therefore more segregation.
Results

Developmental expression of Cx45 in the retina
In adult retinas, Cx45 is expressed in BCs, where it forms a part of the gap junction between AII amacrine cells and cone BCs (Han and Massey, 2005; Lin et al., 2005; Maxeiner et al., 2005; Dedek et al., 2006) . It is also expressed in amacrine cells Dedek et al., 2006) and RGCs (Schubert et al., 2005b ; for review, see Bloomfield and Völgyi, 2009 ). Cx45 antibodies produce strong labeling of mouse retinas from P1 to adulthood, and Cx45 mRNA levels are high at P1 and slowly decrease until adulthood (Kihara et al., 2006) , similar to connexins that are transiently expressed in developing spinal cord (Chang et al., 1999) . Identification of the cell types expressing Cx45 using antibody staining is difficult because Cx45 protein is punctate throughout the inner and outer plexiform layers. In addition, tracer coupling indicates the presence of gap junctions in the inner retina early in development (Penn et al., 1994; Singer et al., 2001 ).
We used mice in which the Cx45 coding sequence was replaced by GFP, a cytoplasmic reporter that labels cell somas as well as processes , to determine the postnatal expression pattern of Cx45. At P4, GFP was predominantly detected in somas in the inner nuclear layer bordering the inner plexiform layer, indicating expression in amacrine cells at early ages, although a few RGCs were also detected (Fig. 1) . By P10, adult-like expression is observed in bipolar cells, amacrine cells, and a few ganglion cells. Double immunolabeling in P11 Cx36/ Cx45dko mice for anti-␤-gal, to identify cells that express Cx36, and anti-GFP, to identify cells that express Cx45, confirmed that both connexins are expressed in the inner retina during glutamatergic waves (Fig. 1B) . These results indicate that Cx45 is expressed in the developing retina and may influence patterns of spontaneous activity.
Cx45ko and Cx36/45dko mice have altered spontaneous firing patterns
To characterize the firing patterns of connexin knock-out retinas, we used a multielectrode array to record extracellularly from many RGCs simultaneously. In control mice, RGCs fire bursts of action potentials during waves that are correlated with action potentials from neighboring cells and are followed by long periods of silence (see Fig. 2 A, top) (Meister et al., 1991; Wong et al., 1993) . In contrast, Cx45ko RGCs exhibit an increase in asynchronous firing in between the correlated bursts associated with waves ( Fig. 2 A, middle) , a pattern reminiscent of that observed in Cx36ko mice . This increase in asynchronous firing was even more dramatic in the Cx36/45dko (Fig. 2 A, bottom) .
We quantified the temporal properties of spontaneous firing patterns by monitoring the percentage of time individual RGCs spend firing above 1 Hz and 10 Hz (Fig. 2C) . In control mice, RGCs fire primarily in correlated high-frequency bursts during waves with very few asynchronous action potentials in between waves. In contrast, Cx45ko RGCs had a significant increase in the percentage of time firing above 1 Hz between waves (KruskalWallis test, p Ͻ 0.001; Ctr, 1.2 Ϯ 0.3%, n ϭ 214 wave intervals/4 mice; Cx45ko 4.1 Ϯ 0.2%, n ϭ 324/4; Cx36/45dko, 25.4 Ϯ 1%, n ϭ 567/6; differences found between all groups, Tukey-Kramer post hoc tests), consistent with our findings of increased asynchronous firing in Cx36ko mice . Cx36/45dko RGCs also had a significant increase in percentage of time firing above 10 Hz and, in contrast to either Cx36ko or Cx45ko (Fig. 2C) , there was also a significant increase in the amount of time spent bursting above 10 Hz between waves (Kruskal-Wallis test, p Ͻ 0.001; Ctr, 0.39 Ϯ 0.05%, n ϭ 214 wave intervals/4 mice; Cx45ko, 0.55 Ϯ 0.07%, n ϭ 324/4; Cx36/45dko, 3.87 Ϯ 0.3%, n ϭ 567/6; difference found only between Cx36/45dko and other groups, Tukey-Kramer post hoc test).
To quantify the effects of increased asynchronous action potential firing on the spatial correlations of waves, we computed the correlation index as a function of distance between cells (Fig. 2 B) . Nearest-neighbor correlations are higher for nearby cells than for distant cells, an indicator of propagating waves, although asynchronous action potentials reduce the sensitivity of this measure in Cx36ko mice by reducing the correlation index at all distances . For Cx45ko and Cx36/45dko mice, in general, the magnitude of the correlation index was lower at all distances than in control retinas. However, similar to control and Cx36Ko mice, the correlation index was highest for nearby neurons, and then decreased as a function of distance for all genotypes, consistent with the persistence of propagating waves (Fig. 2 B, inset) . However, for Cx36/45dko mice, the correlation index dropped off more slowly. If we restricted the analysis only to action potentials fired during waves, the values of the correlation indices increased overall, but the fall-off with distance remained more gradual for Cx36/45dko (data not shown).
The finding that Cx36/45dko mice are more correlated over longer distances suggests that the absence of these connexins has altered the underlying network that determines the firing pattern of RGCs. To further explore the spatial properties of correlated neurons, we computed "functional connectivity" maps for the pairs of neurons with the highest correlation indices (Bonifazi et al., 2009; Bullmore and Sporns, 2009; Feldt et al., 2011) . Functional connectivity maps are a means to quantitatively describe complex network organization, and they have recently been applied to developing neural circuits (Bonifazi et al., 2009) .
To establish functional connectivity maps, we first computed correlation matrices to determine the strength of correlations across all RGCs in a given recording (Fig. 2 D) . After selecting the most strongly correlated units, we then determined which were most highly connected, i.e., the RGCs that are correlated with the firing of the most other RGCs (Fig. 2 E , red units; see Materials and Methods). For both control and Cx45ko retinas, RGCs had the highest connectivity to nearby RGCs, whereas in Cx36/45dko retinas, RGCs had the highest connectivity with RGCs that were more dispersed (Fig. 2 E blue lines, F ) . Again, if we restricted the analysis only to action potentials that fired during waves, we found an increase in correlation index but no change to the distribution of distances between highly connected cell pairs. Hence, as indicated both by the correlation index (Fig. 2 B) as a function of distance, and by the functional connectivity maps (Fig. 2 F) , gap junctions serve to ensure that RGCs are most strongly correlated with nearby RGCs. Propagation properties of retinal waves are normal in Cx36ko, Cx45ko, and Cx36/45dko mice The high level of asynchronous firing detected in MEA recordings from connexin knock-outs blurs the distinction between bursts of activity correlated with and independent of waves. Thus, to determine whether Cx45-or Cx36-containing gap junctions in the inner retina play a role in shaping glutamatergic retinal waves, we performed calcium imaging. Calcium transients in RGCs during waves are driven by depolarization and therefore can be used to monitor depolarization in many cells simultaneously. In addition, calcium imaging functions as a spatial and temporal filter on spiking patterns, making it easier to detect correlated increases in firing rate. This method has been used extensively to monitor the spatial and temporal properties of retinal waves (Wong et The x-and y-axes correspond to all single units isolated from that retina. Diagonals (i.e., autocorrelations) were set to zero. Because the distribution of correlation coefficients followed a power-law, they are plotted on a logarithmic scale. E, Connection matrices for example retinas shown in D. Circles correspond to locations of units identified by spike sorting, with the diameter of the circle scaled by the magnitude of the normalized correlation index, such that the largest circles correspond to the largest average correlation index found in the example retina. Units that were localized on the same electrode are slightly displaced. Red circles correspond to units that had connections (i.e., high correlation indices) with at least 15% of the other units (connections shown with blue lines). F, Cumulative distributions of the distances between the most highly connected RGCs and the units to which they are connected (see Materials and Methods).
Whole-mount retinas from Cx36ko, Cx45ko, and Cx36/ 45dko mice were bolus-loaded with Oregon Green 488 BAPTA-1 AM, and fluorescence was monitored over time across large areas of the ganglion cell layer. P10 -P13 retinas displayed waves in all genotypes (Cx36ko, n ϭ 17 retina pieces/6 mice; Cx45ko, n ϭ 20/7; Cx36/45dko, n ϭ 22 of 23 retina pieces/8 mice; Fig. 3 ). Although waves were visible in all but one retina, the magnitude of the change in fluorescence during waves was very small in some Cx36/45dko retinas (n ϭ 12 retinas from 5 mice), precluding analysis of propagation properties on these retinas. We postulate that the source of this low signal-to-noise ratio in calcium imaging was the high baseline firing between waves (Fig. 2) .
Waves were blocked in most P10 -P13 retinas by ionotropic glutamate receptor antagonists ( Fig. 3B ; 10 M DNQX and 50 M AP5; 9 of 10 Cx36ko retinas, 8 of 10 Cx45ko retinas, 7 of 12 Cx36/45dko retinas), and not blocked by nicotinic acetylcholine receptor antagonists (8 M DH␤E; n ϭ 3 Cx36ko retinas, n ϭ 5 Cx36/45dko retinas). A combination of DH␤E, DNQX, and AP5 (after either DNQX/AP5 alone or DH␤E alone) blocked waves in all cases (n ϭ 3 retinas in Cx36ko; n ϭ 1 in Cx45ko; n ϭ 7 in Cx36/45dko; Fig. 3B ).
We also compared the propagation speed and initiation frequency of waves (Blankenship et al., 2009) across genotypes. There was no difference in propagation speed among genotypes ( Fig. 3D ; one-way ANOVA, p ϭ 0.17; Control, n ϭ 9 retinas/5 mice; Cx36ko, n ϭ 17/6; Cx45ko, n ϭ 15/6; Cx36/45dko, n ϭ 10/6). The distribution of wave initiations was shifted slightly to the left (shorter inter-wave intervals) in Cx36/45dko retinas compared with Cx36ko, Cx45ko, and control retinas ( Fig. 3E ; Table  1 ). These findings suggest that Cx36-and Cx45-containing gap junctions modulate wave initiation, but are not required for glutamatergic wave propagation.
Retinal waves exhibit a propagation bias in that there are more waves propagating in the temporal-to-nasal direction (Stafford et al., 2009; Elstrott and Feller, 2010) . The mechanisms underlying this bias are not understood. To test whether Cx36 or Cx45 contributes to this propagation bias, we compared the propagation bias in waves recorded with calcium imaging in control, Cx45ko, and Cx36/45dko mice. Using binarized images of retinal waves (Fig. 3A) , the direction of propagation of the wave front was determined for each imaging frame (example retinas shown in Fig. 3C ). These individual vectors were summed, and a single vector was computed to represent the bias for each retina (Fig. 3C , red arrows). The magnitude of the bias in wave propagation was variable from retina to retina (Fig. 3F ), but there was no difference in distribution across genotypes (Kruskal-Wallis test, p ϭ 0.35; control, n ϭ 9 retinas/5 mice; Cx36ko, n ϭ 17/6; Cx45ko, n ϭ 15/6; Cx36/45dko, n ϭ 10/ 6). Hence, the correlations that are mediated by gap junctions do not influence the bias in propagation direction.
Glutamate release during retinal waves is normal in Cx45ko mice
To confirm that the waves detected in Cx45ko and Cx36/45dko mice are mediated by a circuit containing bipolar cells, we performed whole-cell voltage-clamp recordings from RGCs. Compound EPSCs (cEPSCs) recorded from RGCs are reliable markers of network activation during retinal waves (Blankenship et al., 2009) . During the second postnatal week, Cx45 is expressed in bipolar cells as well as amacrine cells, which modulate glutamate release from BCs (Fig. 1) . RGCs in all genotypes received wave-associated compound EPSCs (Fig. 4 ; P10 -P13; frequency of cEPSC clusters per minute given as median, lower quartile/ upper quartile: Ctr, 0.49, 0.20/0.62, n ϭ 16 cells/6 mice; Cx45ko, 0.31, 0.05/0.98, n ϭ 35/13; Cx36/45dko, 0.75, 0.63/0.95, n ϭ 9/3). There was no difference in cEPSC cluster frequency among genotypes (Kruskal-Wallis test, p ϭ 0.14). Using simultaneous dual whole-cell voltage-clamp recordings from neighboring RGCs, we also found that Cx45ko RGCs receive correlated compound IPSCs (cIPSCs) during waves (Cx45ko, n ϭ 3 pairs; Cx36/ 45dko, n ϭ 2 pairs; Fig. 4 A) . Note that a small number of cells did not receive cEPSCs (Cx45ko, n ϭ 8 of 35 cells in 4 of 13 mice; control n ϭ 3 of 16 cells in three of six mice).
To confirm that the cEPSCs are glutamatergic, we applied glutamate receptor antagonists while performing whole-cell recordings. cEPSCs were blocked in control retinas (n ϭ 3 cells in two mice) and in Cx36/45dko retinas (n ϭ 6 cells in two mice), and were blocked in 10 of 12 cells in Cx45ko retinas (frequency reduced from 1.15 Ϯ 0.47 to 0.01 Ϯ 0.04 cEPSC clusters/min, n ϭ 12 cells in four mice). Hence, excitatory input to RGCs in Cx45ko and Cx36/45dko mice was mediated by glutamate release from bipolar cells as in WT mice.
To determine whether the increase in action potential firing (Fig.  1A) is influenced by activation of ionotropic glutamate receptors, we repeated MEA recordings in the absence and presence of ionotropic glutamate receptor antagonists. We observed a significant reduction in the average firing rate in Cx36/45dko retinas in the presence of antagonists (Fig. 4 D, E ; Wilcoxon rank-sum test p Ͻ 0.001; n ϭ 37 units from two retinas from two P11 mice). These results indicate that glutamate receptor activation is at least par- (Syed et al., 2004; Bansal et al., 2000) . We did not perform experiments on stage 2 Cx36ko retinas (-).
tially responsible for the increase in action potential firing observed in Cx36/45dko RGCs.
Cholinergic retinal waves are normal in Cx36/45dko mice
Cx45 is also expressed in amacrine cells during the first postnatal week (Fig. 1 ) and therefore could potentially influence cholinergic retinal waves, which are inhibited by gap junction blockers (Catsicas et al., 1998; Singer et al., 2001 ). [Note, other studies have found varying effects of gap junction blockers on cholinergic waves (Syed et al., 2004; Stacy et al., 2005) .] Cx36ko mice exhibit normal cholinergic waves . To determine whether Cx45 alone or Cx36 and Cx45 together are required for cholinergic wave propagation, we performed calcium imaging. We observed waves that were blocked by the nicotinic acetylcholine receptor antagonist DH␤E (8 M) in all retina pieces ( Fig. 5A ; control n ϭ 8 retinas/4 mice, Cx45ko n ϭ 15/6, Cx36/45dko n ϭ 6/3). The distribution of inter-wave intervals in Cx45ko retinas was shifted slightly to the right compared with control and Cx36/45dko retinas ( Fig. 5B ; Table 1 ). Propagation speed was not different among genotypes (ANOVA, p ϭ 0.15; Fig. 5C ; Table 1) . We also performed whole-cell voltage-clamp recordings from control and Cx45ko RGCs during cholinergic waves (data not shown). There was no difference in cEPSC frequency between genotypes (P1-P8; frequency in Cx45ko, 0.63 Ϯ 0.25 cEPSC clusters/min, n ϭ 11 cells in 6 mice; control, 0.5 Ϯ 0.2 cEPSC clusters/ min, n ϭ 12 cells in 6 mice; t test, p ϭ 0.19). Similar to our observations in older retinas, we recorded from some cells that did not receive cEPSCs during cholinergic waves (Cx45ko, n ϭ 1 of 11 cells; control n ϭ 1 of 12 cells). These results indicate that gap junctions are not required for cholinergic waves.
Eye-specific segregation of retinogeniculate afferents was reduced in Cx36/45dko mice Spontaneous retinal activity is required for retinal projections from the two eyes to segregate into eye-specific regions in the lateral geniculate nucleus of the thalamus. Whether the pattern of action potential firing generated by retinal waves is instructive for this process remains controversial (Huberman et al., 2008; Chalupa, 2009; Feller, 2009 ). We have found that although the gross spatial and temporal properties of retinal waves are normal in Cx36/45dko mice (Fig. 3) , during the second postnatal week the nearest-neighbor correlations among RGCs were reduced (Fig.  2) , and there was a significant increase in asynchronous firing, with a pronounced increase in high-frequency firing (Fig. 2C) .
To test directly whether altered patterns of activity drive eyespecific segregation, we compared retinogeniculate projections across control, Cx45ko, and Cx36/45dko mice (Torborg and Feller, 2004) . We calculated segregation indices for all three genotypes and compared differences using a one-way ANOVA followed by a Tukey-Kramer test to compare means between individual genotypes (n ϭ 5 control mice; n ϭ 8 Cx45ko; n ϭ 5 Cx36/45dko; ANOVA, p Ͻ 0.01; significance level set at p Ͻ 0.05 for multiple-comparisons test). Similar to Cx36ko mice , Cx45ko mice had segregation similar to that of control mice. However, Cx36/45dko mice had significantly less segregation than either control or Cx45 mice (Fig. 6 ). These findings suggest that the increase in asynchronous bursting or the change in the spatial distribution of correlations during waves generated in Cx36/45dko retinas during the second postnatal week perturbs normal eye-specific segregation of retinogeniculate afferents.
Discussion
We have examined the role of gap junctions in shaping spontaneous firing patterns in the developing mouse retina. Cx45 expression increases during postnatal development, achieving adult-like expression patterns by eye-opening. Cx45ko and Cx36/45dko exhibit retinal waves with initiation rates and propagation speeds similar to those of controls. In addition, connexin knock-out RGCs received glutamate receptor-mediated cEPSCs during retinal waves, indicating that gap junctions do not dramatically shape RGC inputs in the developing retina. However, Cx45ko mice do differ from WT mice in the number of asynchronous action potentials that occur between waves, a result that is significantly enhanced in the Cx36/45dko mouse. Cx36/45dko mice also exhibited more spatially dispersed correlations between RGCs and reduced eye-specific segregation of retinogeniculate afferents. These results show that Cx45 and Cx36 are not required for global retinal wave propagation but shape the local firing patterns and correlation structure of individual RGCs that participate in those waves.
Comparison with results of pharmacological manipulations of gap junctions
In this study, we used knock-out mice to determine a role for specific connexin isoforms in modulating spontaneous firing patterns in the developing retina. In the absence of both Cx45 and Cx36, there was an increase in the frequency of retinal waves and asynchronous action potentials between waves, while wave propagation remained unaffected.
These effects are distinct from those described by application of gap junction blockers. Carbenoxolone blocked waves measured by calcium imaging in chick (Wong et al., 1998) . However, carbenoxolone had no effect on cholinergic or glutamatergic waves as measured by multielectrode array recordings in mice (Stacy et al., 2005; Kerschensteiner and Wong, 2008) , whereas it slightly reduced cholinergic wave frequency (Stacy et al., 2005) . In rabbit, carbenoxolone had no effect on waves measured by calcium imaging (Syed et al., 2004) . Similarly, mixed results have been seen with related compounds 18-␣-and 18-␤-glycyrrhetinic acid in rabbit (Syed et al., 2004) , mouse (Singer et al., 2001) , and chick (Wong et al., 1998) . Octanol blocked cholinergic waves measured by calcium imaging in rabbit (Syed et al., 2004) and dramatically reduced wave frequency in embryonic day 9-10 chick (Catsicas et al., 1998) . Finally, meclofenamic acid (Harks et al., 2001; Connors and Long, 2004; Pan et al., 2007) increased glutamatergic wave frequency in mice as measured with multielectrode array recordings (Kerschensteiner and Wong, 2008) .
One interpretation of the finding that gap junction antagonists suppress activity while knock-out mice have enhanced activity is that gap junction blockers have nonspecific effects, as described in several studies (Wu et al., 2001; Connors and Long, 2004; Cruikshank et al., 2004; Vessey et al., 2004; Takeda et al., 2005; Sheu et al., 2008; Tovar et al., 2009; Veruki and Hartveit, 2009) . A second interpretation is that there is a role for non-Cx36-or Cx45-containing gap junctions in wave generation (Dermietzel et al., 2000; Willecke et al., 2002; Massey et al., 2003) . Our data argue against a role for coupling of bipolar cells in wave generation since, thus far, Cx36 and Cx45 are the only connexins identified in bipolar cells. However, other neuronal connexins are expressed in other cell types of the retina during development Söhl et al., 2000; Kihara et al., 2008) . For example, Cx50 and Cx57 are expressed exclusively in horizontal cells Hombach et al., 2004; Huang et al., 2005; O'Brien et al., 2006) , an interneuron in the outer retina that has not yet been implicated in retinal waves (Firth et al., 2005) . There is some evidence that BCs are coupled via gap junctions (Cuenca et al., 1993; Jacoby and Marshak, 2000; Arai et al., 2010) , although the connexins mediating this coupling are not yet defined. Another intriguing possibility is release of an excitatory agent from hemichannels composed of pannexins (Scemes et al., 2007) , which are transiently expressed in the retina during development (Ray et al., 2005; Dvoriantchikova et al., 2006) .
A third possible explanation for our finding that Cx36/45dko retinas exhibit normal retinal waves is that constitutive deletion of Cx36 and Cx45 caused compensatory expression of other circuit components. Recent studies have showed that knockdown or knock-out of some connexins leads to increased expression of mRNA for other connexins (Iacobas et al., 2003 Spray and Iacobas, 2007) . However, available data suggest that compensatory expression of other gap junctions does not take place in Cx36ko or Cx45ko retinal neurons. Deletion of Cx36 causes most classes of ganglion cells to lose gap junction coupling (Pan et al., 2010) , arguing that compensation does not take place in RGCs after deletion of Cx36. Similarly, deficits in gap junction coupling have been observed in retinas lacking Cx45 protein in specific cell classes Dedek et al., 2009) . Because these studies were performed in single-knock-out mice, we cannot rule out the possibility that expression of other gap junction proteins is increased when both Cx36 and Cx45 are absent. Furthermore, gap junction protein knock-out has also been shown to cause upregulation of a number of ion channels (Iacobas et al., 2003 , which could provide an alternative means for waves to propagate in the absence of Cx36 and Cx45. However, waves in Cx36/45dko mice were nearly indistinguishable from waves in control retinas (Figs. 3-5) , indicating that if compensation has occurred, it enabled a circuit to mediate waves that is remarkably similar to the endogenous circuit.
Role of connexins in shaping spontaneous firing patterns
Our results indicate that the two known neuronal connexins expressed in bipolar cells are not required for wave generation. However, these connexins do act to suppress action potential firing between waves. Our finding that ionotropic glutamate receptor antagonists dramatically decrease the average firing rate of RGCs in Cx36/45dko mice (Fig. 4 D, E) demonstrates that glutamate receptor activation is largely responsible for action potential firing in Cx36/45dko RGCs. This increase in asynchronous firing could be due to several changes in the circuit induced by the absence of Cx45 and Cx36. First, there could be an increase in excitability in bipolar cell terminals. In mammals, ON bipolar cells form strong gap junctions with AII amacrine cells, and the bipolar cell-to-AII amacrine cell gap junction is perturbed in Cx45ko retinas . A lack of coupling in bipolar cell terminals could cause an increase in input resistance, making the terminals more excitable Long et al., 2002) . In this scenario, spontaneous depolarization in bipolar cells may lead to glutamate release between waves, causing the action potential firing in RGCs. Alternatively, an absence of neuronal connexins in RGCs may increase the input resistance of RGCs, causing them to be more excitable. The absence of gap junctions throughout development in constitutive knock-out mice could also cause longterm changes in cell excitability due to differential expression of a variety of ion channels (Iacobas et al., 2003 .
Implications for the role of patterned activity in eye-specific segregation of retinogeniculate afferents Several genetic and pharmacological manipulations in mice and ferrets have been used to determine the role of retinal waves in segregation of retinogeniculate afferents into eye-specific regions (for review, see Guido, 2008; Huberman et al., 2008) . Some manipulations altered segregation, while others did not, which has led to the hypothesis that only some features of retinal waves are critical for driving segregation (for review, see . Here, we found that segregation was normal in Cx45ko mice, but reduced in Cx36/45dko mice (Fig. 6B ). Cx45ko and Cx36/45dko had similar wave propagation speed and inter-wave intervals. However, there were three significant differences between the firing patterns of these two mice: (1) an elevation in asynchronous firing in the Cx36/45dko relative to the Cx45ko (Fig. 2C) , which was most pronounced in the percentage of time firing above 10 Hz; (2) a reduction in the nearestneighbor correlations; and (3) a more dispersed map of functionally connected RGCs. These differences were found when taking into account either only spikes fired during retinal waves or all spikes. From these observations we hypothesize that increased asynchronous bursting and/or reduced correlations of nearby cells disrupted the segregation process despite normal gross patterns of activity.
Both Cx36 and Cx45 (Belluardo et al., 2000; Maxeiner et al., 2003; Söhl et al., 2005; Lee et al., 2010; Zlomuzica et al., 2010) are expressed in the dLGN and may contribute to the process of activity-dependent refinement of retinogeniculate axons. Both Cx36 and Cx45 (Fig. 6 ) knock-out mice have normal eye-specific segregation, suggesting that the absence of either connexin does not inhibit the segregation process. However, whether the absence of both connexins in the dLGN is detrimental to eyespecific segregation is not known.
In summary, we have demonstrated that the two isoforms of connexins expressed in retinal neurons play an unexpected role in regulating spontaneous firing patterns in the developing retina. Connexin 36 and 45 do not alter the spatial and temporal properties of spontaneous activity as determined by the coarse sampling afforded by calcium imaging. Instead, these connexins alter the correlations as assayed on the finer time scales of action potential firing. These data suggest that gap junction-mediated interactions modulate the highly correlated firing of nearby RGCs necessary for normal eye-specific segregation of retinogeniculate afferents.
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